• A method for enhancing sound absorption coefficient of fibrous metals is presented.
As a new type of sound-absorbing materials, porous fibrous metal (PFM), e.g. stainless steel and FeCrAl, has been found to be effective in reducing noise. Compared with the conventional nonmetallic porous fibrous material, PFM becomes attractive due to its mechanical properties, e.g. large surface area, low density, excellent permeability and higher mechanical strength. Hence under extreme circumstances (such as acoustical liner of turbofan engine inlet) PFM may be suitable for applications [1, 2] . Therefore recently the study of the sound absorption performance of PFM is of considerable interest.
PFM often has high porosity, as metal fibers cross over each other and there exist a lot of small air passages in the material. Due to these specific pore geometries, energy dissipation in the forms of damping and thermal loss leads to superior sound absorption performance of the PFM. Similar to most sound porous materials, uniform (homogeneous) PFM has excellent sound absorption properties in middle-high frequency range, however, in the low frequency range, the capability of sound absorption is relatively poor. The most common way to improve the performance in low frequencies is to increase the thickness of material [3] . However, this approach may limit the development of PFM to control noise in microelectronics and precision instruments. An alternative way is to optimize the pore geometric parameters to influence the sound propagation in the fibrous material. It has also been found that the gradient porosity can improve PFM's sound absorption performance [1, [3] [4] [5] . An analysis and design model is in need to be established for designing optimal pore geometric parameter distribution. Many researchers have studied the acoustic model for predicting the sound absorption properties of uniform porous materials. These models generally fall into two types: empirical and phenomenological models. Bazley and Delany [6] have proposed one of the most representative empirical model. This model can be used to study the single parameter's influence on sound absorption properties, such as state air-flow resistivity, and may not be directly used for studying microscopic structure of porous material. Apart from the empirical model, a number of phenomenological models have also been established, for example, the Biot model [7] , Johnson-Champoux-Allard (JCA) model [8, 9] , Wilson model [10] , Lafarge model [11] , etc. Accuracy is improved by these models through introducing extra macroscopic acoustic parameters, which are usually obtained through solving the viscous boundary value problems of the pore structure. Relationship of material's sound absorption properties and the pore structure can be established using the JCA model, since it is accurate in both high and low frequencies. Therefore, the JCA model is employed to determine the sound absorption characteristics of PFM in this study.
In this paper, an optimization method of designing multilayered PFMs is also proposed for maximizing low frequency sound absorption. We use the JCA model to investigate the effects of the pore structural parameters (fiber diameter D and gap w) on sound absorption coefficient. The impedance translation theorem is also introduced to calculate the sound absorption coefficient of multi-layered PFMs. To validate the present analytical model and design method, we compare the obtained results of computation to experimental data available in literature. With the average sound absorption in low frequencies as the objective function and the fiber gaps as the design variables, an optimization method of multilayered PFMs is established. By using the proposed optimization method, we identified an optimal fiber distribution pattern for optimal sound absorption performance in the low frequency range. Figure 1 shows a typical structural configuration of PFM [12] . To simplify the calculation, PFM is idealized as a parallel fiber array with repetitive hexagonal distribution patterns of individual fiber having circular cross-section ( Fig. 2(a) ). Therefore, the parameters of pore structure are only the fiber diameter D and fiber gap w.
We perform numerical computations on the scale of the half unit cell (as shown in Fig. 2(b) ). The porosity φ of the PFM can be conveniently calculated by
In PFM, fibers' density and stiffness are much higher than those of the air in the fibrous material. Therefore, acoustic propagation and dissipation through a rigid frame of porous media can be macroscopically described as a layer of equivalent fluid having the bulk modulus K eq (thermal interaction dependent) and frequencydependent effective density ρ eq (which is mainly dependent on the viscous interaction between the fluid and frame) [13, 14] . In this study, the JCA model [8, 9] is employed to calculate the effective density and bulk modulus as
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where j = √ −1ρ 0 and α ∞ denote the fluid density and tortuosity, φ the open porosity, σ the static airflow resistivity, ω the angular frequency, η the air viscosity, Λ and Λ ′ represent the viscous and thermal characteristic lengths respectively, γ the specific heat ratio, P 0 the atmospheric pressure, and Pr is the Prandtl number. The JCA model consists of five macroscopic acoustic parameters:
φ, σ , α ∞ , Λ and Λ ′ . These macroscopic acoustic parameters are determined by the velocity field and property of fluid in fibrous material, which can be defined as
where the following symbol designates a fluid-phase average
and the subscript ''x'' denote the x component of * .
The viscous boundary value problems were solved using finite element analysis at the micro-structure scale under both asymptotic low (f → 0) and high (f → ∞) frequencies, to deduce the macroscopic parameters in the equivalent fluid JCA model [15] .
Using the solution of steady state Navier-Stokes (NS) problem, we can deduce the low-frequency limit (f → 0) leading parameter (i.e. the static airflow resistivity σ ). The NS problem is defined as
Here, and ∇ represent the local 2-d del and Laplacian differential operators, e is the unit vector, and Ω f and ∂Ω denote fluid domain and fluid surface. In addition, w and π represent a static velocity field and associated scalar pressure. As shown in Fig. 3 (a), we can numerically (including via the finite element method) solve the velocity field by imposing a noslip boundary condition at the fluid-solid interface and placing a periodic condition on π and w at the inlet/outlet surfaces. Once we get the solution for a given micro-structure, we can obtain the macroscopic static airflow resistivity by Eq. (4).
Comparing to the pore size, the boundary layer is small under extreme high frequency (f → ∞), so we can ignore its viscous effect. Similar to the electric conditions, the governing equations of sound propagation are defined as follows
where E and ψ denote the velocity field and pressure (similar to the electric field and electric potential) and n is the outward normal unit vector from the pore boundaries. Again, we can numerically solve the velocity field as shown in Fig. 3(b) . When the solution is obtained, we can use Eqs. (5) and (6) to determine the tortuosity α ∞ , viscous characteristic length Λ, and thermal characteristic length Λ ′ . Table 1 lists properties of the air used in the following simulations.
Consider a multi-layered PFMs sample that is composed of n layers of PFM placed in series format as shown in Fig. 4 . In Fig. 4 , plane waves propagate in the opposite directions Table 1 Properties of air used in all studies. The wave number and characteristic impedance can be determined by the effective complex density and the bulk modulus of the ith layer PFM via [14] 
The governing equation for harmonic plane wave propagation along the x-axis can be expressed as
where p i is the sound pressure of the ith layer. Two boundary conditions have to be satisfied at each layer interface: (a) continuity of the sound pressure and (b) continuity of the effective velocity. The solution of Eq. (11) in the ith layer is assumed as a superposition of forward and backward traveling waves By employing Eqs. (11) and (12) for the pressure and velocity, the impedance Z i at M i (i.e. left boundary of the ith layer) is known and can be written as follows
At M i+1 (i.e. right boundary of the ith layer), the impedance Z i+1 is given by
From Eq. (15), it follows that
Substitution of Eq. (16) into Eq. (14), the impedance translation theorem can be obtained
As the multi-layered PFMs sample backed by an impervious rigid wall, the impedance at the surface of the wall is infinite. Then, by using Eq. (17), the total impedance at the surface of the multilayered fibrous metal Z 1 can be calculated. Therefore, the reflection coefficient of the multi-layered PFMs' surface can be determined as follows
where Z ′ c is the characteristic impedance of air. The sound absorption coefficient of multi-layered fibrous material can be written as
PFM's sound absorption coefficient is calculated using an idealized and simplified hexagonal pore structure, and this pore structure and fibrous distribution are indeed different from the real PFM. In order to prove the validity of the proposed theoretical model for single-and multi-layered PFMs, we compare the present theoretical results with the experimental ones in Refs. [1, 3] . Four PFM samples and their geometric parameters are listed in Table 2 .
The samples all have the same diameter 50 µm, but different thickness (10-25 mm) and porosities (73%-91%). As reported in Refs. [1, 3] , these four PFM samples were used in different assembling sequences to form four types of single-and multiplelayered porous structures as given in Table 3 , which were tested for the measurement of sound absorption coefficient. The tested structures A and B are the single-layered PFM with PFM samples 1# and 2# respectively, structure C is composed of three layers of PFM in the order of PFM samples 2#, 3# and 4#, and structure D is composed of two layers with PFM samples 4# and 2#.
Comparisons between the obtained results of the proposed model and experimental measurements are shown in Figs. 5 and 6 for single-and multi-layered PFMs, respectively. Figure 5 shows that the predicted sound absorption coefficients for structures A and B (e.g. single-layered PFM) match well with the measured ones Table 3 Four tested structures (the first layer is referred to the one that is closest to the incident sound resource (see Fig. 4) in the low frequency range. For structures C and D (e.g. multilayered PFMs), there exists a small deviation between the computations and measurements as shown in Fig. 6 . This small deviation may be due to the idealized and simplified hexagonal pore structure and the simplified treatment of the transmission between the layers in our theoretical model or the inevitable micro-defects in the test samples. We consider the optimum design of the pore structures (i.e. fiber diameter and gap) of multi-layered PFMs for enhancing the performance of sound absorption in the low frequency range. From the previous work [16] , we can know that variation of fiber Table 4 The calculated macroscopic parameters and performance index of optimal four-layer PFMs (the first layer is referred to the one that is closest to the incident sound resource).
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Subject to: w min < w < w max ,
where n is number of layers, I denotes the average sound absorption coefficient index, L 0 is the absorber thickness (in this paper, we choose the thickness of absorber is 50 mm), α(f i )
denotes the normal sound absorption coefficient computed at the ith frequency, and N is the number of discrete frequencies in frequency range of interest (here, we choose N = 50 and the frequency interval f = f i+1 − f i = 10 Hz). We can use the finite difference method to derive the sensitivity of the objective function I to the design variables w i as
Sequential linear programming (SLP) is used to solve the optimization problem Eq. (20).
A single-layered PFM with thickness of 50 mm and diameter of 50 µm backed with a rigid wall is considered. The sound absorption index I in the low frequency range as a function of fiber gap w is calculated by using parameter analysis and is shown in Fig. 7 . In Fig. 7 , it is found that there exists a specific value of fiber gap (i.e. w = 52 µm) where we can achieve the optimal sound absorption performance index (i.e. I = 0.301). The corresponding sound absorption coefficient for optimal single-layered fibrous material (as a function of frequency) is shown in Fig. 8 . We aim to investigate the optimal fiber gaps of four-layer PFMs (Fig. 9(a) ) for maximizing the sound absorption performance index I in the low frequency range. The thickness of material is 50 mm (same as single-layered PFM), and each layer has the same thickness 12.5 mm. The diameter is also chosen as 50 µm. By solving the optimization problem Eq. (20), the optimal fiber gap distribution is achieved. The optimal fiber gaps from first layer to fourth layer are w 1 = 40 µm, w 2 = 88 µm, w 3 = 75 µm, and w 4 = 64 µm, respectively. The corresponding porosities are 81.3%, 92.1%, 90.3%, 88.4%. Figure 9(b) shows the iteration history of the objective function and Fig. 9(c)-(f) depict the sketches of pore structures of each layer. In this case, the optimal sound absorption performance index I is 0.358, which represents a 19.3% increase when compared with single-layered fibrous material with the same diameter and thickness. The calculated macroscopic parameters and performance index are presented in Table 4 . Figure 10 shows the sound absorption coefficient of optimal single and four-layer PFMs in the low frequency range (10-500 Hz). It can be seen from Table 4 that the fiber gaps (or porosities) decrease along the sound incident direction except for the first layer in the low frequency range. To understand the effects of the first layer (surface pore structure) on the sound absorption performance of multi-layered fibrous metals, we perform a parametric study by considering the same multi-layered materials in Table 4 but with four different fiber gaps in the first layer. The different fiber gap in the first layer is chosen as 40 µm, 20 µm, 80 µm, 100 µm (i.e. porosities are 81.4%, 69.1%, 91.1%, 93.3%, respectively) while the other three layers are the same as fibrous metals in Table 4 . These four cases with different fiber gaps in the first layer are denoted as S1, S2, S3, S4, respectively.
To compare the sound performances of these four multi-layered structures, the average sound absorption coefficient index defined in Eq. (20) will be used. Table 5 presents the average sound absorption coefficient indexes of the four multi-layered structures in both low and mid-high frequency ranges. For the case in the low frequency range (10-500 Hz), case S1 has the optimal sound absorption performance. For the mid-high frequency range (500-5000 Hz), cases S3 and S4 have better sound absorption performances than S1. The detail sound absorption coefficient curves of the four multi-layered structures are present in Fig. 11 . It is obvious that the sound absorption coefficient of the multilayered PFMs increases with the frequency generally. It can also be noted that: (a) the sound absorption coefficient for case S2 with the lowest surface porosity is higher than other cases when the frequency is below about 130 Hz; (b) case S1 has the largest sound absorption coefficient when the frequency is in the range of 130-500 Hz; (c) the absorption coefficient increases monotonically with the surface porosity when frequency is above ∼1500 Hz. It is believed that the acoustic resistance plays a major role for sound absorption in the low frequency range due to that a smaller surface porosity yields a higher acoustic resistance [14] . Although more acoustic energy can be dissipated by a higher acoustic resistance in porous media, most of acoustic energy is reflected when the surface porosity is too small. Therefore, an appropriate surface porosity of multi-layered PFMs can balance the dissipation and reflection of acoustic energy to maximize the sound absorption. From Table 5 and Fig. 11 , it can be seen that the variation of the surface porosity has a significant effect on the sound Table 5 The average sound absorption coefficient indexes of S1-S4. absorption of multi-layered fibrous structures. Generally speaking, an arrangement in the order of high porosity to low porosity along the sound incident direction is beneficial for improving the sound absorption in mid-high frequency range. However, this rule of porosity distribution cannot apply to low frequency range. In this paper, an analytical model and a design method for multi-layered PFMs are presented for improving low frequency sound absorption. In the analysis model, the PFM is idealized and simplified as a periodic hexagonal arrangement of fibers aligned in one direction, and the sound absorption coefficient is determined based on the JCA acoustic model and impedance translation theorem; In the optimization model, the average sound absorption coefficient at low frequencies is chosen as the objective function and the fiber gaps as the design variables. Comparing the predicted results with experimental data in the literature verifies that the analytical model is valid and effective. Numerical examples demonstrate also that the optimization model is applicable and efficient. The average sound absorption coefficient of optimal four-layered PFMs is 20% higher than that of the single-layered PFM with the same diameter and thickness in the low frequency range. Furthermore, the surface porosity of the multi-layered PFMs has a significant influence on the fibrous material's sound absorption. Generally, increasing the surface porosity can improve sound absorption in mid-high frequency range but does not work for the low frequency range. The work presented in this paper would provide the references and guides for the future studies and manufacture of multi-layered PFMs.
